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1  | INTRODUC TION
Human	population	growth	has	led	to	the	worldwide	proliferation	of	
power	 lines	during	 the	 last	 century,	 especially	 in	developed	coun‐
tries.	 Only	 considering	 medium‐	 and	 high‐tension	 infrastructures,	






Will,	 &	Marra,	 2014).	Mitigation	 efforts	 aimed	 to	 reduce	 collision	




et	 al.,	 2011,	2012;	Bernardino	et	 al.,	 2018).	Routing	electricity	 in‐
frastructures	 avoiding	 potential	 collision	 hotspots	 (e.g.,	 protected	








The	 key	 challenge	 of	 estimating	 power‐line	 impacts	 on	 birds	
is	 to	assess	under	which	circumstances	 they	can	negatively	affect	
whole‐population	 trends	 (D'Amico	 et	 al.,	 2018).	 Due	 to	 time	 and	




























are	 differences	 in	 species	 distribution	 patterns	 and	 conservation	
status,	and	also	in	density	and	spatial	distribution	of	the	electricity	
grids.	In	both	countries,	collision	impacts	for	local	bird	populations	





focus	 for	 the	 implementation	of	mitigation	measures.	Overall,	 the	
method	we	 propose	 can	 be	 easily	 applied	 to	 any	 geographic	 area	







2.1 | Data on species distribution and the electricity 
grids
For	 each	 bird	 species,	 distribution	 ranges	 of	 Spanish	 and	













that	 were	 available	 at	 both	 Spanish	 and	 Portuguese	 transmission	
power‐line	companies.
2.2 | Overall prioritization approach
Based	 on	 Beston	 et	 al.	 (2016),	 our	 approach	 included	 five	 steps	
(Figure	1):
1.	 Calculation	 of	 four	 metrics	 for	 each	 species:	 three	 of	 them	
related	 to	 collision	 risk	 with	 power	 lines	 and	 the	 last	 one	
regarding	 conservation	 status.	 If	 a	 given	 metric	 varied	 among	
countries,	 the	 calculation	 was	 performed	 separately	 for	 Spain	
and Portugal;


















a	 prioritization	 list	 based	 on	 their	 potential	 extinction	 risk,	 in	 our	
case	by	collision	with	power	lines.	The	first	metric	implemented	by	
Beston	et	al.	(2016)	was	the	proportion	of	Fatalities	due	to	Turbines	
(FT),	 based	on	 the	 estimate	of	 the	number	of	 individuals	 annually	
killed	by	turbines	as	a	function	of	total	population	size.	In	the	case	
of	power	lines,	available	data	did	not	allow	this	estimate	for	a	large	
number	 of	 species,	 at	 least	 in	 our	 geographic	 area.	We	 therefore	
replaced	 this	metric	with	 a	 new	 one	 focused	 on	 power	 lines:	 the	
MbRI	(Morpho‐behavioural	Risk	Index),	used	as	a	surrogate	alterna‐
tive	 of	 species	 collision	 risk.	We	maintained	 the	 other	 three	met‐




1.	 Morpho‐behavioural	 Risk	 Index	 (MbRI).	 This	 new	 metric	 rep‐
resents	 a	 measure	 of	 species	 susceptibility	 to	 collision	 with	
power	 lines,	 considering	 both	 morphological	 and	 behavioural	
traits	 (Morphological	 Risk	 Index—MRI	 and	 Behavioural	 Risk	
Index—BRI,	respectively).	The	available	scientific	 literature	high‐
lights	 that	 the	 wing	 loading	 (i.e.,	 body	 mass	 of	 a	 given	 bird	
species	 divided	 by	 the	 area	 of	 its	 wing)	 is	 the	 most	 relevant	
morphological	trait	predicting	species	probability	to	collide	with	
electricity	 infrastructures	 (Bevanger,	 1998;	 Janss,	 2000).	 The	
ratio	 of	 body	 mass	 (in	 g)	 to	 wingspan	 (in	 cm)	 is	 a	 proxy	 of	
wing	 loading.	 Species	 with	 high	 values	 for	 this	 ratio	 have	 low	
manoeuvrability	 in	 flight,	 and	 therefore,	 they	 are	 more	 sus‐
ceptible	 to	 collision	 with	 power	 lines	 (Bevanger,	 1998;	 Janss,	
2000).	Visual	perception	is	another	morphological	trait	affecting	
species	probability	to	collide	with	power	lines,	because	binocular	
vision	 is	more	 suitable	 then	 peripheral	 vision	 for	 the	 detection	
of	 obstacles	 (Martin,	 2011;	Martin	&	Shaw,	2010).	 In	 our	 data‐
set,	 visual	 perception	 was	 included	 as	 an	 ordinal	 variable	 (bin‐
ocular	 vision	 =	 1;	 peripheral	 vision	 =	 2).	 MRI	 was	 estimated	
as	the	product	of	the	two	morphological	factors	and	represents	
a	 measure	 of	 species	 morphological	 susceptibility	 to	 collision	
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with	 power	 lines.	 Species	 with	 high	 MRI	 have	 low	 manoeu‐
vrability	 in	 flight	 and	 peripheral	 vision,	 and	 therefore,	 they	
















nocturnal	 species	 can	 suffer	 higher	 collision	 mortality	 than	 diurnal	
species	(diurnal	=	1;	nocturnal	=	2).	Finally,	the	use	of	power	lines	for	
hunting	 or	 nesting	 purposes	 obviously	 increases	 collision	 probabil‐







Data	 related	 to	 body	mass,	 wingspan,	 visual	 perception	 and	 differ‐
ent	behaviours	for	all	considered	species	were	collected	from	Cramp	
(1977).	MbRI	was	a	 function	of	 species	and	 therefore	did	not	differ	
across countries.
2.Fatality	Risk	Index	(FRI).	This	metric	represents	a	measure	of	both	
Population	 Exposure	 to	 Collision	 with	 power	 lines	 (PEC)	 and	
species	extinction	risk	due	to	life‐history	traits	related	to	breed‐







short‐lived	and	 fast‐reproducing	 species	 (with	 lower	extinction	
risk;	 González‐Suárez,	 Gómez,	 &	 Revilla,	 2013;	 Beston	 et	 al.,	










strategy	 is	 slow	and	population	will	 take	more	 time	 to	 recover	





to	 habitat	 selection.	 The	 available	 scientific	 literature	 shows	
that	habitat‐specialist	species	are	more	sensitive	to	habitat	deg‐











sion	with	power	 lines.	 IRI	was	calculated	as	 the	 ratio	of	PEC	 to	
NSH.	Species	with	high	 IRI	were	assumed	 to	be	more	suscepti‐














were	 tested	 through	 generalized	 linear	 mixed	 models	 (GLMM;	
Procedure	GLIMMIX,	 SAS	 software,	 version	9.3)	 using	 country	 as	 a	
categorical	explanatory	variable	and	species	as	random	factor.
2.4 | Final prioritization
The	 four	 implemented	metrics	 determined	 four	 lists	 of	 species.	
Based	on	Beston	et	al.	 (2016),	we	categorized	these	four	 lists	 in	
order	 to	 determine	 the	 species	with	 low,	medium	 and	 high‐risk	
values	for	each	metric.	Rather	than	using	arbitrary	cut‐off	values	
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values	(to	define	the	three	categories)	were	sampled	from	a	uni‐
form	distribution	bounded	by	the	minimum	and	maximum	values	
for	 each	metric,	with	 the	 restriction	 that	 no	 class	 should	 result	








2.5 | Identifying priority areas for 
mitigation measures





fying	hotspots	of	overall	 risk	 that	 should	be	 targeted	 for	 impact	





3.1 | Morpho‐behavioural Risk Index MbRI




ranging	 from	1	 for	15	 species,	 all	of	 them	diurnal	 raptors,	 to	16	 for	
three	species,	all	of	them	corvids.	As	a	result	of	MRI	and	BRI,	average	




3.2 | Fatality Risk Index FRI
Average	Population	Exposure	to	Collision	with	power	lines	(PEC)	was	
8.51	km/100	km2	(median	=	8.58	km/100	km2)	for	resident	bird	spe‐
cies	 breeding	 in	 Spain,	 ranging	 from	0	km/100	km2	 for	 the	white‐
backed	woodpecker	Dendrocopos leucotos	to	22.21	km/100	km2	for	
the	 European	 grasshopper‐warbler	 Locustella naevia.	 For	 Portugal,	
average	 PEC	 was	 7.05	km/100	 km2	 (median	=	7.51	km/100	km2),	
ranging	from	0	km/100	km2	for	the	lesser	short‐toed	lark	Calandrella 
rufescens	 and	 to	 12.79	km/100	km2	 for	 the	western	marsh‐harrier	
Circus aeruginosus.	 Average	 Breeding	 Ratio	 (BrR)	 was	 5.96	 (me‐







European	 short‐toed	 snake‐eagle	Circaetus gallicus,	which	was	 the	
most	 susceptible	 species	 in	 Spain.	 Comparatively,	 the	 Portuguese	
FRI	 ranged	 from	 0	 for	 the	 lesser	 short‐toed	 lark	 to	 23.04	 for	 the	
Eurasian	griffon	Gyps fulvus,	which	was	the	most	susceptible	species	
in Portugal.
3.3 | Indirect Risk Index IRI
The	average	Number	of	Selected	Habitats	(NSH)	was	1.94	habitats	
(median	=	2	 habitats),	 ranging	 from	 1	 habitat	 for	 99	 species	 with	
a	 relatively	 more	 susceptible	 habitat‐selection	 strategy	 (e.g.,	 the	
European	northern	 goshawk	Accipiter gentilis,	which	breeds	 exclu‐
sively	 in	 forests)	 to	4	habitats	 for	13	species	with	a	 relatively	 less	
susceptible	 habitat‐selection	 strategy	 (e.g.,	 the	 Eurasian	 blackbird	








F I G U R E  2  Differences	in	prioritization	metrics	between	Spain	and	Portugal.	Means	(and	standard	errors)	of	prioritization	metrics	in	both	
countries:	Fatality	Risk	Index	(FRI),	Indirect	Risk	Index	(IRI)	and	Conservation	Status	Index	(CSI)
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lesser	short‐toed	lark	to	12.79	for	the	western	marsh‐harrier,	which	
was	the	most	susceptible	species	in	Portugal.
3.4 | Conservation Status Index CSI
According	 to	Spanish	Red	Data	Book	 (Madroño	et	 al.,	2004),	69%	
of	 resident	 bird	 species	 breeding	 in	 Spain	 were	 listed	 as	 Least	
Concern	 species	 (CSI	=	1;	 e.g.	 the	 European	 northern	 goshawk),	
11%	were	 listed	as	Near	Threatened	 species	 (CSI	=	2;	 e.g.	 the	bo‐
real owl Aegolius funereus),	12%	as	Vulnerable	species	(CSI	=	3;	e.g.	
the Eurasian moustached warbler Acrocephalus melanopogon),	6%	as	
Endangered	 species	 (CSI	=	4;	 e.g.	 the	 Iberian	 imperial	 eagle	Aquila 
adalberti)	 and	 2%	 as	 Critically	 Endangered	 species	 (CSI	=	5;	 e.g.	
the	 ferruginous	 pochard	Aythya nyroca).	 According	 to	 Portuguese	
Red	Data	Book	 (Cabral	 et	 al.,	 2005),	 60%	of	 resident	bird	 species	
breeding	in	Portugal	were	listed	as	Least	Concern	species	(CSI	=	1;	
e.g.	 the	Eurasian	 sparrowhawk	Accipiter nisus),	 10%	were	 listed	 as	
Near	 Threatened	 species	 (CSI	=	2;	 e.g.	 the	 Eurasian	 reed‐war‐
bler Acrocephalus scirpaceus),	 15%	 as	 Vulnerable	 species	 (CSI	=	3;	
e.g.	 the	 European	 northern	 goshawk),	 9%	 as	 Endangered	 species	
(CSI	=	4;	e.g.	 the	water	pipit	Anthus spinoletta)	and	6%	as	Critically	
Endangered	 species	 (CSI	=	5;	 e.g.	 the	 Eurasian	 cinereous	 vulture).	
Average	 CSI	 was	 significantly	 higher	 in	 Portugal	 than	 in	 Spain	
(p	=	0.0369;	Figure	2).
3.5 | Final prioritization of species and 
identification of priority areas for mitigation
As	a	result	of	the	final	prioritization,	considering	a	list	of	50	priority	
species	with	the	highest	final	priority	scores	for	each	country	(see	
Appendix	 S1),	 Spain	 and	 Portugal	 shared	 29	 priority	 species.	 The	
most	 sensitive	 species	 (i.e.	with	 the	highest	 extinction	 risk	due	 to	
potential	 collision	with	power	 lines)	were	 the	osprey	Pandion hali‐







duce	population‐level	 impacts	 (i.e.,	 local	or	even	global	extinctions,	






Overall	 differences	 between	 countries	 could	 be	 explained	 by	
three	main	 factors.	The	 first	 factor	was	 the	 list	of	 resident	breed‐
ing	species	of	each	country:	Spain	had	a	subset	of	exclusive	species,	
whereas	all	Portuguese	species	occurred	in	Spain.	The	second	factor	

















the	 Eurasian	 spoonbill	Platalea leucorodia)	 and	 large	 raptors	 (e.g.,	 the	
Eurasian	cinereous	vulture).	They	mostly	shared	low	manoeuvrability	in	
flight,	hazardous	behavioural	traits	(especially	flight	height	and	flocking	
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Doñana	 Biosphere	 Reserve	 and	 Tagus	 Estuary	 Natural	 Reserve),	
suitable	cliff	areas	for	breeding	birds	(e.g.,	Monfragüe	National	Park,	
International	 Douro	 Natural	 Park	 and	 International	 Tagus	 Natural	
Park)	and	some	of	the	most	conserved	Mediterranean	and	even	farm‐
land	areas	(e.g.,	Alcornocales	Natural	Park,	Guadiana	Valley	Natural	
Park	 and	 Castro	 Verde	 Biosphere	 Reserve).	 Importantly,	 the	 high‐
lighted	hotspots	were	not	 restricted	to	 the	 legally	protected	areas,	
also	including	considerable	areas	without	any	protection	status.	The	
identified	hotspots	 indicate	 the	more	 important	areas	 for	 the	miti‐
gation	of	collision	risk,	in	particular	at	the	stage	of	route	planning	of	
new	electricity	 infrastructures	and	 for	 the	 identification	of	priority	










lists	of	both	priority	 species	 and	areas	 in	which	 collision	 risk	with	
power	lines	can	potentially	produce	local	or	even	global	extinctions.	
These	 identified	 species	 and	 areas	 will	 remain	 valid	 until	 further	
expansion	of	the	electricity	grid	(resulting	in	changes	in	power‐line	
densities	in	distribution	ranges)	or	changes	in	species	conservation	
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